We describe experimental mekurements and hydrocode simulations of two tests in which long (L/D=12), steel rods were accelerated laterally with charges of Detasheet-C high explosive (HE). In each test configuration, 84 rods were initially aligned parallel to one another in an array of four concentric rings. The first test had a central core of HE that dispersed the rods isotropically. The second test had a narrow, 180" strip of HE on one side of the assembly that focussed the rods directionally. Using radiographic data taken at several milliseconds after HE initiation, we measured the dynamic distributions of the rods, and their translational velocities and tumble rates. To compare with the data, we also modeled the experiments with our smooth particle hydrocode SPHINX. Within the context of our numerical model, the hydrocode results agree satisfactorily with the test data. We include in our discussion many of the inferences and insights that our results provide to the phenomenology and performance of multimode, rod-deployment mechanisms.
INTRODUCTION
Mechanisms for deploying long-rod penetrators from an initially fixed array into one of several different directions are typical of a class of devices that we refer to as multimode warheads. In general, the optimum performance of a high-explosively (HE) driven multimode device requires that it be initiated in one of several possible ways depending on the tactical situation. The problem of designing a mechanism of this sort can be quite complicated because it requires the designer to optimize the geometry and composition of a single hardware configuration from a set of specifications for the way the system is to perform in each of its operational modes. Ln response to a mounting interest in rod-warheads**2, we have been studying a series of issues relating to the phenomenology and performance of these devices. A full report of the experimental program3 conducted at the Sandia National Laboratories (SNL) is currently in preparation and will be made available for limited distribution, and the Los Alamos National Laboratory (LANL) is also preparing a separate report on the computational work introduced here.
EXPERIMENTAL STUDY
We (at SNL) have been tasked to design, construct, and test a prototype rod warhead called the directionally deployed, kinetic-energy penetrator (JSEP). One of the performance specifications for the KEP is that it accelerate an initialIy static array of rods into a preferred, lateral direction Portions of this document may be illegible in electronic image products. Images are produced from the best available original document.
Fig. I Schematic cross sections of the initial configuration of test A (lej?) and test B (right).
and produce a l-m diameter pattern of rods at a distance of 2 m from the center position of the array. Beyond meeting this and other specific objectives, we also hoped to learn more about the factors that govern the performance of rod-deployment systems in general. Examples of such factors are the physical characteristics of the components and the effects of the axial confinement of the explosive products. We have largely accomplished our goals and are documenting the results of the program in a separate report3. One purpose of this paper is to describe our basic approach, present a limited set of results, and highlight a few of our general conclusions.
The full series of experiments in the program consisted of about two dozen tests. The series included both subscale and full-scale experiments on static models and culminated with a fullscale, dynamic test at the SNL sled-track. Because of space limitations, we restrict the present discussion to the first two tests in the series. The purpose of these initial studies was to collect some very basic information about the mechanics and physical limits of both the isotropic and directional (or mass-focussed) rod-deployment modes. We configured the present tests to be similar to ones that we had ruh in an earlier investigation of the isotropic distribution of aerodynamically stabilized (finnedflared) projectiles. For example, we adopted the idea of embedding the rods in foam, which we used in the earlier study to prevent damage to the projectiles from the blast and from inter-rod collisions. The primary difference between the present tests and the earlier ones was that we constructed our present models to be one-thd scale. Figures 1 and 2 show the initial configurations of the two tests that we designate as "A" and "B." Each assembly had a set of 84 mild steel rods that were aligned (nominally) parallel to one another in an array of four concentric rings. Each of the rods had a mass of 18.3 g and a lengthto-diameter ratio ( L D ) of 12. The rod arrays were supported by cylindrically shaped blocks of polyurethane foam, 14.6 cm (5.75") in diameter, 6.35 cm (2.5") long, having a density of 0.32 gl em3 (20 lbs/ft3). Test A, shown left in Fig. 1 , had a 27-g central core of Detasheet-C HE that was 1.78 cm (0.7") in diameter and 7.3025 cm (2.875") long. We initiated the HE with an RP-2 EBW detonator placed in its center. Test B (right) had an 91-g strip of Detasheet-C, 0.41-cm (0.16") thick and 6.35 cm wide, that was attached in a semicircular cutout on one side of the foam block. We initiated test B at the center of the HE'S outside surface.
We instrumented each of the experiments with a pair of 300 kV flash x-ray sources, locating them 14 cm (5.5") apart and 3.35 m (1 1') in front of the test item. We positioned the cassette for our x-ray film 30.5 cm (12") behind the test item. Before each test, we exposed the film to produce a record of the static assembly. To obtain records of the dynamic configurations, we then reexposed the film package at 3.33 ms and either 6.66 ms or 10.0 ms after initiating the HE.
Test A: Isotropic Dispersion. Figure 2 shows the radiographic data from test A in which the rods scattered into a rapidly expanding ring-shaped distribution. The limited areal coverage of the film pack allowed data collection from only 27 of the original 84 rods. We computed the velocities of the rods by correlating their images in each of the two exposures. After digitizing the radiographs, we measured the relative positions of the images, corrected the data for magnification and parallax, calculated the displacements, and divided by the time delay. Using these results, we determined the average (or mean) rod velocity to be 52.1 m/s. As a measure of the scatter or spread in velocities about the mean we computed the standard deviation for the distribution to be 4.9 m/s. ?-. Y>and could not avoid introducing slight misalignments among the axes of the rods and that of the assembly. We can quantify the tumbling effect. If we assume that each of the rods moves exactly perpendicular to the axis of the system, we can calculate the angle each rod makes with its original orientation. Dividing this angle by the x-ray exposure time, we obtain the angular velocity or tumble rate for test A to be 85.0 radiansls (4.87"/ms) with a standard deviation of 2.1 radians/s (0.12"/ms).
Also, knowing the velocity, mass, and tumble rate for each rod, we can calculate the translational and rotational kinetic energy for our sample and extrapolate the results to the full (84) rod bundle. We obtain 2.1 kJ for the translational kinetic energy and 3.2 J for the rotational energy.
If we assume an energy density of 4.19 kJ/g, the 27 g of explosive in test A converts 1.9% into translational kinetic energy of the rods and only 0.003% into rotational energy Test B: Directional Dispersion. We designed the second test so that its rod velocities would approximately match those observed in the first experiment. Based on rough calculations using Gurney formulas for the two geometries (and by exercising some intuition), we estimated that test B would require about three times as much explosive as test A had. Figure 3 shows the radiographic results. Although we lost many of the images from the earlier dynamic exposure, the data at late times show clearly how the HE accelerated the rod bundle directionally (from left to right in the figure) . The size of the distribution also shows that it is expanding much more slowly than the distribution in test A. The approximate dimensions of the bundle at 10 ms were 30 cm in the aim direction and 20 cm in the transverse direction. them 14 cm (5.5") apart and 3.35 m (1 1') in front of the test item. We positioned the cassette for our x-ray film 30.5 cm (12") behind the test item. Before each test, we exposed the film to produce a record of the static assembly. To obtain records of the dynamic configurations, we then reexposed the film package at 3.33 ms and either 6.66 ms or 10.0 ms after initiating the HE.
Test A: Isotropic Dispersion. Figure 2 shows the radiographic data from test A in which the rods scattered into a rapidly expanding ring-shaped distribution. The limited areal coverage of the fdm pack allowed data collection from only 27 of the original 84 rods. We computed the velocities of the rods by correlating their images in each of the two exposures. After digitizing the radiographs, we measured the relative positions of the images, corrected the data for magnification and parallax, calculated the displacements, and divided by the time delay. Using these results, we determined the average (or mean) rod velocity to be 52. Figure 3 shows the radiographic results. Although we lost many of the images from the earlier dynamic exposure, the data at late times show clearly how the €€E accelerated the rod bundle directionally (from left to right in the figure) . The size of the distribution also shows that it is expanding much more slowly than the distribution in test A. The approximate dimensions of the bundle at 10 ms were 30 cm in the aim direction and 20 cm in the transverse direction. Fig. 3 Finally, we calculated the average tumble rate for the second experiment to be 32.2 radians/s (or 1.8"/ms) with a standard deviation of 17.9 radiands (l.Oo/ms). The translational kinetic energy for the full rod bundle is therefore 995 J, and the rotational energy is 0.5 J. If we again assume an energy density of 4.19 kJ/g, 91 g of explosive in the configuration of test B converts 0.26% into translational kinetic energy of the rods and only about 1.3 x into rotational energy.
COMPUTATIONAL STUDY
We introduced our discussion by noting that the design of an optimized rod warhead can be highly complex process. Given these complexities, we consider it important to incorporate hydrocode methodologies into the design process. Hydrocodes are useful because they can often substitute for expensive and time-consuming experiments by providing the information analysts need to judge how various modifications in their designs will affect the system's performance. However, before a code can be used in this way, its accuracy must be tested against data that are typical of the application. Realizing that our empirical results could serve this purpose, we expanded our program to include the following computational results.
We selected SPHINX4, our smooth particle hydrodynamics (SPH) code, for this application because we had recently implemented a feature that allows the code to model elastic and nearelastic collisions. The new feature is called the object-disconnect option and operates by allowing separate objects to resist compressive forces between them without resisting shear forces or tension. Object disconnects are the SPH equivalent of the slide-line, or slip-surface, treatment in conventional Lagrangian codes. In this application, the feature allows the detonation products to vent more or less freely through the gaps between the rods, and instead of showing the rods colliding and sticking, the code models the rods rebounding and separating as the experimental data suggest they do.
We began our computational study by running a set of two-dimensional Cartesian (2D), or planestrain, approximations to the actual tests. We began with 2D because the calculations can provide a great deal of physical insight while running much faster than three-dimensional (3D) models at comparable spatial resolutions. Afterwards, we modeled the full problems in 3D because the 2D predictions are not accurate enough to benchmark the code. The problem with 2D is that it ignores the effects of the detonation products venting axially at the ends of the rod bundles. As a result, 2D predictions of the final rod velocities can be significantly larger than those observed experimentally.
To examine the effects of the foam support structure on the dynamics of the system, we reran both sets of 2D and 3D problems with all conditions identical except with no foam. We summarize much of the information about our matrix of eight simulations (e.g. the equation of state, constitutive models, problem sizes, and run times) in the Appendix. overlaid with typical results obtained in at late times. Axial sections of the corresponding 3D simulations look very much the same. In addition to static figures like those shown here, we generated video sequences that reveal the dynamics of the problems. The videos show, for example, how the expanding detonation products crush the foam to its full density and accelerate the rods to their terminal velocities. Qualitatively, the dynamics revealed in these videos are quite convincing, but the proof of the code's performance is in how well it predicts quantitative results like those presented in the previous section. To facilitate comparisons with data, we therefore wrote a data postprocessor that reads and analyzes the hydrocode output at any time during (or after) the run. We used the postprocessor to calculate the mean and standard deviation of the rod velocities generated by our simulations of test A. We have collected these results and present them together with the experimental data in Table 1 .
Test A. We thought our best match with the data from test A would have come from our 3D simulation with the foam included, but that result is over 40% larger than the measured value. Our 3D model without foam gives a much closer match. In contrast to both 3D results, the 2D simulations produced mean velocities that are very much larger than the data (more than a factor of 2). As we mentioned earlier, the 2D approximation should overpredict velocities, but the large discrepancies we observe suggests that correct models of HE venting are critical to accurate predictions of velocities in the isotropic deploy-puted resultsfor testA. ment mode. The trend in both 2D and 3D is c. dimensions are presented as the length of the pattern along the aim direction (+x in Fig. 4 ) times its span perpendicular that direction (y direction). Computed results are extrapolated from earlier times. toward higher rod velocities when the foam is included in the model. This trend, together with the large velocities observed in 2D, suggest that our 3D simulation with foam may overpredict the velocities because we are modeling the foam in a way that prevents the HE gases from venting through the gaps between the rods as readily as they do physically. Table 2 summarizes the experimental and computational results of test B. Comparing the magnitudes and trends of the velocities with those from test A, we observe that the predictions of the 3D models with and without the foam agree closely with one another and with the experimental measurement. The 2D results are higher than the rest as we would expect, but the discrepancy with experiment is only about 30%. We conclude that axial HE venting is not particularly critical for predictions of velocity in directional rod-deployment.
Test B.
Next, comparing the models with and without foam (in both 2D and 3D), we see an effect opposite to that observed in test A. Models of test B with foam predict lower velocities than do the models without foam. We believe the result is one of competing effects. On the one hand, the foam retards the otherwise free venting of HE products through the gaps in the rod array-an effect that would increase the rods' acceleration as we observed in test A. On the other hand, we have a fixed quantity of HE driving a larger mass (the rods plus the foam block) which would reduce the acceleration. The latter effect apparently dominates in hydrocode simulation of this configuration.
Finally, we compare our code's predictions of the sizes of the rod pattern at 10 ms with the experimental results at that time. Strictly speaking, the computed results entered in the last column in Table 2 were not taken directly from the code's output. We could only afford to run the simulations for fractions of the full IO-ms period (see Appendix). However, at the end of each code run, the rods' motions appear to be ballistic, which means that we can use their positions and velocities at that time to compute where their positions would be after an arbitrary time interval. We extrapolated the position data for each rod in each of the four simulations in this way, plotted the results, and recorded the approximate dimensions of the distribution as we had done with the test data derived from the radiograph in Fig. 3 .
One of the first things we noticed about the results in Table 2 , is the obvious correlation between the dimensions of the rod pattern (last column in the table) and the standard deviations in the rod velocities about their mean (first data column). The reason for the correlation is clear. A wider spread in the rod velocities about their mean will result in a wider spread in the rod positions at late time. We note however that neither of our 3D results for the standard deviation nor the rodpattern dimensions agrees very well with the experiment. Our model with foam underpredicts both quantities, whereas the model without the foam overpredicts them. This observation is typical of foam vs. no-foam simulations. Larger patterns always occur when the inter-rod collisions are dominated by elastic material responses. The foam tends to cushion the collisions and make them more inelastic. We believe the reason our 3D model with foam underpredicts the dimensions of the rod pattern is because our foam model somehow exaggerates this cushioning effect.
As a closing note, we stated in our discussion that rod tumbling was a conspicuous feature in all of the radiographs of the test series. To keep things simple in this introductory study, we set up our models to exclude tumbling effects. Given the partition of energy between translational kinetic and rotational being roughly 2000: 1, we considered this a reasonable approximation. Our future plans do include investigations of the tumbling issue-by introducing slight misalignments in the initial rod array, for example
SUMMARY AND CONCLUSIONS
We describe experimental measurements and hydrocode simulations of two, initially static configurations of long-rod penetrators that we accelerate with charges of detasheet high explosive.
Each test item contained 84 steel rods that were aligned parallel to one another and arrayed in four concentric rings. The rods were supported by insertion into hand-drilled holes in a lightweight block of polyurethane foam. We configured the HE in the first assembly (test A) to produce an isotropic (uniform spreading) distribution. In the second assembly (test B), the HE focussed the rods in a more slowly expanding distribution. The tests were instrumented with low-energy radiographic equipment to record the geometry and the evolution of the rod bundles. Our experimental data included the velocities and the tumble rates for rods and the positions and sizes of rod patterns. The computational portion of this study included four hydrocode simulations of each test using the smooth particle hydrodynamics code SPHINX. Comparing 2D and 3D models of the test-both including and excluding the foam, we concluded that the most critical factor to accurate predictions of rod deployment is the crush-up model of the foam. The approximate foam model used in this study produces satisfactory results, but improvements are possible and probably desirable before the hydrocode model is applied extensively to problems of rod-warhead design.
APPENDIX
We used linear Us-Up equations of state for the steel rods and polyurethane foam. 
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